T enofovir (TFV), an acyclic nucleotide analog of dAMP, is an antiretroviral agent with activity against HIV-1, HIV-2, and hepatitis B virus (HBV) (1, 2) . It contains a stable phosphonic acid moiety and is sequentially phosphorylated by intracellular AMP kinase and nucleoside diphosphate kinase to form the active species, tenofovir diphosphate (TFV-DP) (3) . TFV-DP acts as a potent HIV-1 reverse transcriptase (RT) inhibitor through an obligatory chain termination of viral DNA synthesis (4) .
The presence of two negative charges on the TFV molecule limits its cellular permeativity and precludes oral administration due to low intestinal absorption. To overcome these limitations, various TFV prodrugs containing lipophilic groups masking the charged phosphonate moiety have been designed. Tenofovir disoproxil fumarate (TDF) (Viread) is an ester prodrug of TFV with increased cellular permeativity and oral bioavailability compared to the parent TFV. Because of its favorable resistance profile and long-term tolerability, TDF therapy is broadly used in both treatment-naive and -experienced HIV-infected patients (5) .
Tenofovir alafenamide fumarate (TAF) (formerly GS-7340) is an amidate prodrug of TFV with good oral bioavailability and increased plasma stability compared to TDF (6, 7) . TAF exhibits Ͼ600-fold-enhanced in vitro antiviral activity against HIV-1 compared to the parent TFV (6, 8) . Phase 1b 10-day monotherapy studies in HIV-infected patients demonstrated a higher magnitude of viral suppression at substantially lower doses of TAF compared to TDF. Median HIV-1 RNA levels (copies per milliliter) were reduced by 1.59 and 0.97 log 10 for the 25-mg TAF and 300-mg TDF doses, respectively (9) . The increased clinical efficacy of TAF correlated with higher concentrations of TFV-DP in peripheral blood mononuclear cells (PBMCs) from treated subjects. At the same time, the reduced dose of TAF relative to TDF resulted in proportionally reduced systemic levels of parent TFV. Subsequently, a phase 2 study assessing TAF in combination with emtricitabine (FTC), elvitegravir (EVG), and the pharmacokinetic enhancer cobicistat coformulated as a single tablet regimen (E-C-F-TAF) demonstrated clinical efficacy similar to that for Stribild (E-C-F-TDF) following up to 48 weeks of therapy in treatment-naive patients (10) . Recently published phase III data demonstrated that E-C-F-tenofovir alafenamide provided noninferior virological suppression compared to E-C-F-tenofovir disoproxil fumarate. Furthermore, compared with TDF, TAF showed significantly more favorable effects on renal and bone parameters. These effects were likely related to the markedly lower plasma concentrations of tenofovir reported with tenofovir alafenamide compared to tenofovir disoproxil fumarate (11) .
The pharmacological advantages provided by TAF are attributed mostly to its unique activation mechanism, which is distinct from that of TDF. Previous studies have implicated the serine protease cathepsin A (CatA) as a major hydrolase involved in the intracellular activation of TAF in human PBMCs (12, 13) . CatA is a lysosomal enzyme with deamidase, esterase, and carboxypeptidase activities (14) (15) (16) (17) . After TAF penetrates into cells, CatA cleaves the carboxyester bond in the prodrug moiety to release a metastable metabolite, from which the phenol group is eliminated via intramolecular cyclization and hydrolysis to form TFV-Ala conjugate (18, 19) . Conversion of the TFV-Ala intermediate to the parent TFV occurs spontaneously due to the acidic pH within the lysosomes (20) (Fig. 1) .
In this study, we further investigated the role of CatA and other human hydrolases in the intracellular activation of TAF. We knocked down and overexpressed CatA and other human hydrolases to assess their effect on the intracellular activation of TAF. We also examined the effects of various therapeutic viral and host protease inhibitors (PIs) on in vitro CatA-mediated activation of TAF using purified CatA enzyme and determined the effect of selected PIs on the antiretroviral activity of TAF in HIV-infected primary human CD4 ϩ T lymphocytes. Since some patients undergoing antiretroviral therapy might require concomitant treatment with inhibitors of HIV/HCV viral proteases or agents targeting various host serine proteases, such as those prescribed for type 2 diabetes or as anticoagulants, our studies provide an initial assessment of the potential for pharmacological interactions between TAF and therapeutic PIs via their interference with CatA-mediated enzyme activity.
MATERIALS AND METHODS

Materials.
Antibody against human cathepsin A (CatA) and cathepsin X/Z (CatX/Z) were obtained from R&D Systems (Minneapolis, MN). Rabbit antibody against human carboxylesterase 1 (Ces1) and carboxylesterase 2 (Ces2) were custom made by Life Sciences (Grand Island, NY).
Antibody against serine protease 1 (SCPEP1) (catalog no. sc-55754) and vitellogenin-like carboxypeptidase (CPVL) (catalog no. sc-100686) were from Santa Cruz Biotechnology (Dallas, TX). Antibody against paraoxonase 1 (Pon1) (catalog no. ab24261), paraoxonase 2 (Pon2) (catalog no. ab40969), paraoxonase 3 (Pon3) (catalog no. ab42322), and carboxylesterase 3 (Ces3) (catalog no. ab69140) were from Abcam (Cambridge, MA). Expression constructs for CatA, CatX/Z, SCPEP1, CPVL, Pon1, Pon2, Pon3, Ces3, and Ces7 were acquired from Origene (Rockville, MD) (catalog no. SC112902, SC107803, SC124414, SC100686, SC107037, SC119866, SC119958, SC100049, and SC305193).
Expression plasmids for Ces1 and Ces2 were kindly provided by Philip Potter (St. Jude Children's Research Hospital, Memphis, TN). Recombinant Ces1 and Ces2 were supplied by R&D Systems (Minneapolis, MN). CatA was purified from human peripheral blood mononuclear cells using previously published protocol (12) .
Compounds. TAF (GS-7340), TDF (Viread), TFV, cobicistat (GS-9350), GS-9256, GS-9451, MK-5172, faldaprevir (BI-201335), and simeprevir (TMC-435) were synthesized by the Department of Medicinal Chemistry at Gilead Sciences (Foster City, CA). Telaprevir and boceprevir were purchased from Acme Bioscience (Palo Alto, CA). Apixaban and zidovudine (AZT) were purchased from Fisher Scientific (Pittsburgh, PA) and Sigma Chemicals (St. Louis, MO), respectively. Darunavir, atazanavir, lopinavir, ritonavir, argatroban, dabigatran, sitagliptin, and rivaroxaban were each purchased from Toronto Research Chemicals (Toronto, Ontario, Canada).
Overexpression of hydrolases in HEK293T cells. Human embryonic kidney HEK293T cells (ATCC, Manassas, VA) were seeded into 24-well plates coated with poly-D-lysine (BD Biosciences, San Jose, CA) at a density of 1.5 ϫ 10 5 cells/well in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Transfections were performed the next day with 0.5 g expression plasmids and 1 l/well TransIT-293 transfection reagent (Mirus, Madison, WI). Crude cell lysates were prepared 2 days later, subjected to Western blotting, and analyzed on a phosphorimager (GE Healthcare Bio-Sciences, Pittsburgh, PA) to determine the fold increase in expression of each hydrolase relative to the mock-transfected control. Enzymatic activities of the overexpressed hydrolases in crude cellular extracts were monitored as described below.
Quantification of TAF metabolites. Metabolism of TAF in mock-or hydrolase-transfected HEK292T cells was performed 48 h after transfection. The cells were incubated with 10 M [ 3 H]TAF (0.5 Ci/ml) for 45 and 90 min in DMEM with 10% FBS. Following incubation, the proteins in medium were precipitated with 4 volumes of ice-cold 100% methanol. The cells were washed with phosphate-buffered saline (PBS) and detached by incubation with trypsin-EDTA in PBS. Trypsin was neutralized with cell culture medium, and the cells were harvested by centrifugation for 5 min at 1,500 rpm (Beckman GPR, 4°C). The cell pellets were washed with ice-cold PBS, and the TAF metabolites were extracted from cells by adding 400 l of 80% methanol. The cell extracts and precipitated medium were centrifuged at 13,000 ϫ g for 30 min at 4°C, and the supernatants were evaporated under a vacuum and resuspended in 100 l of buffer A (25 mM phosphate buffer [pH 6] and 5 mM tetrabutylammonium bromide). Aliquots of the cell extracts were analyzed for their 3 H radioactivity content following the addition of 5.0 ml Ready Safe scintillation fluid (Beckman Instruments, Fullerton, CA).
The column chromatography was performed using a Prodigy column (5 m, octadecyl silica 3 [ODS-3], 150 by 4 mm; Phenomenex) on a Waters high-performance liquid chromatography (HPLC) system connected to a Radiomatic Flo-One/beta liquid scintillation detector (Packard series A-500). To separate the TAF metabolites, a gradient elution profile from buffer A (flow rate, 1.0 ml/min at 40°C) to 45% acetonitrile in buffer A for 30 min, followed by a 5-min column wash with 65% acetonitrile in buffer A, was used. The amount of metabolites was calculated from the calibration curve for TAF. were left untreated. At day 2 posttransfection, the crude cell lysates were normalized on the total protein and separated by PAGE. The level of CatA knockdown was analyzed by quantitative immunoblot analysis using a phosphorimager and a serial dilution of recombinant CatA protein of known concentration as a reference standard. At day 3 posttransfection, the cells were incubated with 10 M [ 14 C]TAF (0.5 Ci/ml) for various periods of time (0, 0.5, 1, 2, and 4 h). The cells were washed 3 times with ice-cold PBS before being harvested. The total level of TAF metabolites in cells was determined using liquid scintillation as described above.
Enzymatic assays. The rate of hydrolysis of amidate prodrugs of tenofovir with CatA was measured in a reaction buffer containing 25 mM morpholineethanesulfonic acid (MES) (pH 6.5), 100 mM NaCl, 1 mM dithiothreitol (DTT), 0.1% NP-40, and 1 g/ml enzyme at 37°C. Inhibition of CatA-mediated TAF hydrolysis by protease inhibitors was performed by preincubation of the enzyme with serially diluted inhibitors for 10 min at 37°C. Ces1 and Ces2 (5 g/ml) were assayed in 50 mM HEPES buffer (pH 7.2). The reactions were initiated by adding substrates to the reaction mixtures to the final concentration of 30 M. At various time points, 100-l aliquots were mixed with 200 l of ice-cold methanol to stop the reactions. The samples were incubated at Ϫ20°C for 30 min and spun at 13,000 ϫ g for 30 min at 4°C to remove denatured proteins. The supernatants were evaporated under vacuum, resuspended in 100 l buffer A (25 mM potassium phosphate [pH 6.0], 5 mM tetrabutylammonium bromide) and injected onto a C 18 reverse-phase column (5 m, 2.1 by 100 mm, octadecyl silica 2 [ODS-2]; Phenomenex, Torrance, CA) equilibrated with buffer A. The substrates and reaction products were eluted using a linear gradient of acetonitrile (0% to 65%, 10 min, 0.25 ml/min) in buffer A.
Primary cell isolation and culture. Peripheral blood mononuclear cells (PBMCs) were purchased from All Cells Inc. (Alameda, CA) and were obtained from volunteers participating in an Institute Review Board (IRB)-approved donor program under informed consent. Donors were negative for HIV-1, hepatitis B virus, and hepatitis C virus infections. Primary CD4 ϩ T lymphocytes (CD4s) were prepared from donor PBMCs using an Automacs Pro Separator (Miltenyi Biotech, Auburn, CA). CD4s were isolated by negative selection using a magnetically labeled antibody cocktail (CD4 ϩ T cell isolation kit II; Miltenyi Biotech, Auburn, CA) and activated with 1 g/ml phytohemagglutinin (PHA) (Sigma, St. Louis, MO) and 5 ng/ml interleukin-2 (IL-2) (Roche Diagnostics, Indianapolis, IN) for 48 h in a humidified 37°C incubator containing 5% CO 2 . The enrichment of CD4s was confirmed by fluorescence-activated cell sorter (FACS) staining with anti-CD4 antibody (BD Biosciences, San Jose, CA). Antiviral assays. The antiviral activities of TAF and other phosphonoamidate prodrugs of TFV were determined using a 5-day cytoprotection antiviral assay in MT-4 cells infected with HIV-1 IIIB, as previously described (21) . For primary cell studies, activated CD4s were infected for 3 h with vesicular stomatitis virus (VSV) G-pseudotyped HIV-Luc reporter virus (22) , washed with complete RPMI medium, and then seeded (2 ϫ 10 5 cells per well) onto white, solid-bottom 96-well plates (Costar, Corning, NY). Infected CD4s were pretreated with dimethyl sulfoxide (DMSO) or test compounds at their respective clinical maximum concentrations (C max ) for 1 h before addition of RPMI medium containing serially diluted TAF or TDF. At 3 days postinfection, 100 l One-Glo reagent (Promega, Madison, WI) was added per well, and the luciferase signal measured using an Envision plate reader (Perkin-Elmer, Waltham, MA). Data analysis was done using XL-fit to calculate the 50% effective concentration (EC 50 ) from an 8-point dose-response curve and 3-fold compound serial dilutions. The fold change in TAF and TDF EC 50 was determined in CD4 cells from two independent donors as a ratio of their activity in the presence and absence of tested compounds.
RESULTS
Effect of overexpression of hydrolases on intracellular activation of TAF.
Metabolism of TAF is initiated by hydrolysis of the isopropyl ester in the 5=-phosphonoamidate prodrug moiety, and CatA was indicated to be responsible for this activation step in PBMCs (12) . However, other proteases and esterases were also shown to cleave this carboxylester bond in vitro (13) . We therefore evaluated the role of liver esterases Ces1, Ces2, Ces3, Ces7, Pon1, Pon2, and Pon3 and ubiquitous lysosomal carboxylesterases CatA, CatZ/X, SCPEP1, and CPVL in the intracellular activation of TAF by transiently overexpressing these enzymes in HEK293T cells. All enzymes were overexpressed by at least 10-fold compared to in the mock-transfected control cells based on quantitative Western blot analysis (data not shown). Total intracellular metabolites were monitored following the incubation of the cells with TAF for 45 or 90 min. In CatA-or Ces1-overexpressing cells, approximately 2-and 5.5-fold more intracellular metabolites were formed than in the mock-transfected control cells, respectively (Fig. 2) . Increased levels of the metabolites were found in the medium of the cells overexpressing CatA and Ces1, likely due to efflux of the metabolites (data not shown). The overexpression of the other hydrolytic enzymes did not significantly affect the intracellular levels of the TAF metabolites (Fig. 2) . In vitro enzymatic assays confirmed the ability of Ces1, but not of Ces2, to hydrolyze TAF in vitro (data not shown). These results indicate that in addition to CatA, Ces1 contributes to the intracellular metabolism of TAF in liver, where it is abundantly expressed.
Effect of CatA knockdown of on intracellular activation of TAF. TAF is metabolized approximately 7.5-fold less efficiently in CatA-deficient fibroblasts derived from patients with the genetic disorder galactosialidosis than in normal control fibroblasts (12) . We wished to further confirm the importance of CatA in the intracellular hydrolysis of TAF by using RNA interference (RNAi). On day 3 posttransfection, the knockdown of CatA in HeLa cells resulted in a 4-fold reduction of the intracellular levels of TAF metabolites compared to that in cells transfected with control siRNA (Fig. 3) . The quantification of the CatA protein level in cells by immunoblot analysis showed that the siRNA knockdown reduced CatA expression approximately 7-fold compared to that in control cells (Fig. 3) . Taken together, these data further support the central role of CatA in the intracellular activation of TAF.
Correlation between antiretroviral activity and CatA-mediated hydrolysis of phosphonoamidate prodrugs of TFV. Phosphonoamidate prodrugs of TFV exist in two different stereochemical configurations due to the presence of a stereocenter at the phosphorus atom. To extend the assessment of the role of CatA in enabling the antiretroviral activity of a wide range of TFV phosphonoamidate prodrugs, we measured the rate of hydrolysis of (S)-stereoisomers of 48 prodrugs of TFV containing structurally diverse amino acids and alcohols in the prodrug moieties and correlated these rates with antiretroviral activity of the prodrugs in HIV-1-infected MT-4 cells. We found a strong correlation (r 2 ϭ 0.71, P Ͻ 0.001) between the two measured parameters (Fig. 4) . Importantly, this correlation was substantially weaker (r 2 ϭ 0.34) when corresponding (R)-stereoisomers were included in the analysis (data not shown). This was due to the fact that the (R)-stereoisomers are not CatA substrates but still exhibit antiviral activity about 10-fold lower than that of their corresponding (S) counterparts, indicating divergent metabolic pathways being involved in the intracellular activation of the (S)-and (R)-stereoisomers of TFV amidate prodrugs.
Effect of viral and host protease inhibitors on CatA-mediated TAF activation. Because the proteolytic function of CatA is required for TAF activation, there may be a potential for antagonistic drug-drug interactions between TAF and inhibitors of viral or host proteases of clinical relevance that may be coadministered to patients. We therefore conducted experiments to determine the inhibitory effect of various HIV and HCV protease inhibitors (PIs) and host serine PIs, as well as the pharmacological boosting agent cobicistat, on CatA-mediated hydrolysis of TAF. The HIV PIs darunavir, atazanavir, lopinavir, and ritonavir and the boosting agent cobicistat had no effect on CatA-mediated TAF hydrolysis up to the highest tested concentration of 50 M (Table 1) . This concentration is well above the free and total drug levels at the clinical peak plasma exposure (C max ) following the administration of the approved doses of each tested drug. Similarly, the HCV PIs simeprevir, faldaprevir, MK-5172, GS-9256, and GS-9451 also showed no effect on the enzymatic activity of CatA up to the highest concentrations tested. On the other hand, HCV PIs telaprevir and boceprevir were found to be potent inhibitors of CatA-mediated hydrolysis of TAF, with 50% inhibitory concentrations (IC 50 s) of 0.27 and 0.16 M, respectively (Table 1) . These observations are consistent with previously demonstrated inhibition of CatA-mediated hydrolysis of sofosbuvir (formerly PSI-7977) by telaprevir (23) . Importantly, the determined IC 50 s for these two compounds are 6-to 8-fold below their free drug levels at the clinical C max , indicating a clinically relevant potential to affect the intracellular metabolism of TAF. Finally, host serine PI classes of compounds commonly used in the clinic, such as inhibitors of factor Xa (apixaban and rivaroxaban), thrombin (argatroban and dabigatran), or DPP4 (sitagliptin), did not interfere with the in vitro CatA-mediated hydrolysis of TAF. 
FIG 4
Correlation between CatA-mediated hydrolysis and antiretroviral activity of phosphonoamidate prodrugs of TFV. TAF and a panel of 48 different phosphonoamidate prodrugs of TFV were incubated with CatA to determine the rate of hydrolysis of the prodrugs. The corresponding antiviral activity for each compound was determined from quadruplicate measurements using a 5-day cytopathic assay in HIV-1-infected MT-4 cells. EC 50 s, determined from at least two independent experiments, represent the mean drug concentration providing 50% protection against the cytopathic effects associated with HIV-1 (IIIb) replication.
Effect of viral and host protease inhibitors on TAF antiviral activity. To further confirm the above observations from the CatA enzymatic inhibition assays, we tested the effects of a selected subset of the most relevant PIs on the antiviral activity of TAF in HIV-1-infected primary human CD4 ϩ T lymphocytes. Following the infection with a single-cycle HIV-1 reporter virus, the cells were pretreated with tested PIs at concentrations corresponding to their clinical peak plasma levels (C max ) before adding serial dilutions of either TAF or TDF. TDF served as a control for CatAindependent prodrug activation. Baseline antiviral activities (mean EC 50 Ϯ standard deviation) obtained in the absence of a PI were determined from 6 independent donors for TAF (EC 50 ϭ 5.3 Ϯ 1.2 nM) and TDF (EC 50 ϭ 2.8 Ϯ 1.1 nM) and were used to calculate fold change EC 50 s from four independent donors under conditions of PI pretreatment. Consistent with the results obtained in vitro using recombinant CatA enzyme, TAF antiviral activity in CD4 ϩ T lymphocytes was reduced 21-fold and 2.7-fold in the presence of the covalent anti-HCV PIs telaprevir and boceprevir, respectively. In contrast, neither the noncovalent HIV and HCV PIs nor cobicistat or the tested host serine PIs showed any significant effect (Յ2-fold change) on the antiretroviral activity of TAF in primary CD4 ϩ T cells. These results further underscore the low potential of pharmacological drug-drug interactions between the vast variety of therapeutic PIs and TAF due to the interference with CatA enzymatic activity.
DISCUSSION
Since first described in early 1990s (24) (25) (26) (27) (28) , amidate prodrugs of nucleotides have been the most successfully explored class of prodrugs to bypass the first phosphorylation step of nucleosides or to deliver nucleoside phosphonates into cells (29) . TAF is the first nucleotide phosphonoamidate prodrug to successfully complete a proof-of-concept clinical efficacy study (30) . The clinical candidates GS-9131 and GS-9191, explored for the treatment of HIV and human papillomavirus (HPV), respectively, are other examples of amidate prodrug technology applied to nucleoside phosphonates (31, 32) . Besides HIV and HPV, amidates have also been extensively explored as liver-targeted antiviral prodrugs of nucleoside monophosphates for the treatment of HCV, with sofosbuvir being the first FDA-approved amidate prodrug (33) .
Because amidate prodrugs are lipophilic cell-permeative compounds, the hydrolysis of the carboxylester bond in the prodrug moieties is a critical event in their intracellular activation. Purified CatA enzyme has been shown to cleave the carboxylester bond of TAF and other nucleotide amidates (12, 13, 23) , and CatA-deficient fibroblasts exhibited impaired metabolism of TAF, GS-9131, and GS-9191 (12, 20) . Here we provide additional supporting evidence implicating CatA as the major hydrolase responsible for the intracellular activation of TAF. First, we showed that CatA knockdown in HeLa cells results in impaired TAF metabolism. Second, cotreatment of cells with telaprevir, a potent CatA inhibitor, increases EC 50 s for TAF in HIV-infected CD4 ϩ cells by approximately 20-fold (Tables 1 and 2 ). Finally, we observed a strong correlation between antiretroviral activity and CatA-mediated hydrolysis of an extensive structurally diverse set of phosphonoamidate prodrugs of TFV.
It is likely that in addition to CatA, other cellular hydrolases may play a significant role in the metabolic activation of TAF in various tissues and body compartments. In CatA-deficient fibroblasts, some level of TAF metabolism is still observed, and porcine liver carboxylesterase as well as a variety of serine proteases with a preference for alanine in the P1 position of their peptide substrates could hydrolyze TAF in vitro, albeit with dramatically lower efficiency than CatA (12, 13) . In vitro enzymatic assays may not necessarily reflect the true intracellular activity of hydrolases due to many factors, including enzyme quality, stability, and/or reaction buffer conditions. Consequently, these biochemical assessments may under-or overestimate the potential role of a given enzyme in the intact cells or tissues. To address these experimental limitations, we tested the effect of overexpressing selected serine carboxylpeptidases and esterases in intact cells on the intracellular metabolism of TAF. Among 11 tested enzymes, only CatA and Ces1 overexpression increased the intracellular metabolism of TAF. Interestingly, the overexpression of CatA in HEK293T cells resulted in a much smaller effect on TAF conversion than the overexpression of Ces1 (Fig. 2) . This might be due to the fact that CatA forms a complex with lysosomal neuraminidase and ␤-galactosidase, which were not coexpressed together with CatA in our experiments (14) (15) (16) (17) . Ces1 has a restricted tissue expression, with the highest levels being present in the liver (34) . While CatA is the main TAF-activating enzyme in most tissues, Ces1 may play an important role in metabolism of TAF in the liver. Indeed, Ces1 has recently been shown to be the main hydrolase responsible for TAF activation in the liver, with a minor contribution coming from CatA (35) . Those authors showed an impaired metabolism of TAF in primary human hepatocytes in the presence of bis(4-nitrophenyl)phosphate (BNPP), a selective inhibitor of human carboxylesterase 1. Telaprevir on its own did not change TAF metabolism in these cells; however, a combination of both BNPP and telaprevir further decreased TAF metabolism. Therefore, Ces1 is an important contributor to the enhanced anti-HBV efficacy of TAF compared to the standard 300-mg TDF dose, as seen in a recent 28-day dose-ranging study (36) .
Given that TAF has shown clinical efficacy in HIV-infected patients, it might be coadministered with other therapeutically relevant inhibitors of viral and host proteases. To understand the potential for drug-drug interactions due to the interference with CatA enzymatic activity, the in vitro effect of clinically relevant inhibitors of HIV, HCV, and host cell proteases, as well as the boosting agent cobicistat, toward CatA was determined. None of the HIV PIs tested here, or the boosting agent cobicistat, showed any effect on CatA-mediated activation of TAF when tested in an in vitro enzyme inhibition assay. Similarly, the majority of tested HCV PIs, including simeprevir, faldaprevir, MK-5172, GS-9256, and GS-9451, showed little to no inhibition of CatA at levels significantly exceeding their clinical peak plasma levels. In contrast, the covalent HCV PIs telaprevir and boceprevir emerged as potent inhibitors of CatA-mediated TAF activation in vitro. In agreement with these data, the antiviral potency of TAF in CD4 ϩ T lymphocytes was significantly compromised in the presence of telaprevir and boceprevir but remained unchanged in the presence of cobicistat and all the other tested inhibitors of HIV, HCV, and host cell proteases. The inhibitory effect of both telaprevir and boceprevir is likely a consequence of their covalent mechanism of inhibition due to the presence of a ketoamide group in the C-terminal part of these molecules (37, 38) . Because CatA is a carboxypeptidase (14) (15) (16) (17) , telaprevir and boceprevir likely form a covalent bond with the active-site serine residue of the enzyme and function as covalent inhibitors of the enzyme. Hence, coadministration of telaprevir or boceprevir together with TAF in HIV/ HCV-coinfected individuals has a potential to adversely affect the intracellular activation and clinical antiviral efficacy of TAF.
In summary, this study expanded the evidence for the central role of CatA in the intracellular activation of TAF. In addition, several experimental approaches were taken to consistently demonstrate a low potential of multiple therapeutically relevant inhibitors of both viral and host proteases to adversely affect the antiretroviral activity of TAF due to the interference with its intracellular activation mediated by CatA.
